Abstract
Introduction
Stress-induced ethylene can be elicited by a number of factors including the following: high, freezing, and chilling temperature; water stress including drought and waterlogging; chemicals including herbicides and insects salivary fluids; physical wounding including bruising, cutting and insect biting; and pathogen [1] [2] . Ethylene is reported to stimulate fruit abortion in cotton plants [3] - [6] . Only 24% to 36% of flowers produced by cotton result in bolls for harvest [7] . Since boll retention is a major determinant of cotton yield [8] - [12] , any means to enhance retention should increase the potential for yield. In addition, ethylene works as an elicitor of leaf and flower senescence [13] . Premature senescence caused a lower photosynthetic rate and less carbon accumulation and thereby decreased yield in cotton [14] . Thus, it is desirable to protect yield by antagonizing the ethylene effect that would subsequently lead to the reduction of fruit shedding and to a delay of senescence.
The plant growth regulator 1-methylcyclopropene (1-MCP) inhibits ethylene action and has been proven to be a useful product in postharvest studies to improve quality and shelf life of agricultural and horticultural products [15] . 1-MCP binds to the ethylene receptor site and has an affinity 10 times greater for the site than that of ethylene [15] [16] . Thus, 1-MCP may inhibit ethylene action by competing with ethylene for its receptor and thus alleviate or reduce adverse effects of stress.
In a cotton field study, under heat stress conditions, 1-MCP treatment at first flower (FF) and FF +2 weeks increased yield due to an increase of weight of bolls located in the lower half of the canopy compared to the untreated control. Also, in this study, reduced leaf antioxidant enzyme activity and an increased Photosystem II quantum efficiency was found in 1-MCP treated plants, indicating a potential of 1-MCP in reducing heat stress [17] . A positive effect of 1-MCP on cotton boll size and reduced stress level indicated by reduced glutathione reductase activity were reported for cotton field studies for three years [18] - [20] . 1-MCP treatment increased boll number on some nodes of the cotton plants under drought, but the increase was not enough to make a difference in cotton yield [21] .
However, no cotton research has investigated how 1-MCP impacted the boll development process and thus resulted in the final yield. Studies by [17] only recorded the final boll weight response to 1-MCP. In addition, the leaf samples used in previous studies came from the main-stem, but the corresponding subtending leaves of bolls provide more than 60% of the total carbohydrates of developing reproductive organs [22] . The photosynthetic rate of leaves subtending bolls declines during active fruit growth, with the leaves subtending bolls reaching peak photosynthesis around the time of anthesis. Thus the photosynthetic capacity of the subtending leaf is out of phase with bolls for assimilate demand and more carbon must be transported to bolls from distant leaves [22] [23] . Because the availability of assimilates for boll development is important for fruit retention [24] , factors which impact photosynthesis, such as stresses, can lead to fruit abortion [4] . Thus, it is important to study the impact of 1-MCP on subtending leaves to better understand the yield data. In the present study, boll distribution within the canopy was observed. Understanding how 1-MCP affects not only yield but also yield distribution that contributes to the final yield should provide insight into how the yield is impacted.
We hypothesized that 1-MCP has the potential to reduce the adverse effects caused by stress by delaying leaf senescence in subtending leaves, reducing fruit abscission, and potentially increasing boll size. The objectives of this study were to assess the effects of 1-MCP on the boll development process, subtending leaves of the corresponding bolls, and boll distribution.
Materials and Methods
The study was conducted at the A randomized complete block design with three replications was utilized for the two treatments: untreated control and 1-MCP treatment. The center two rows of each four-row plot were treated for evaluation. At first flower plus one week (FF +1) and first flower plus two weeks (FF +2), 1-MCP (10 g a.i. ha −1 at 103 L•ha −1 with 0.0375% Silwet L77) of the AF625 formulation (Rohm & Hass, Philadelphia, PA) was sprayed to cotton leaves using a compressed air sprayer with 8002XR nozzles according to treatments. One hundred white flowers from the first sympodial fruiting position from the main stem nodes 10 to 15 were tagged on the FF +1 week per each plot. Bolls and the corresponding subtending leaves were collected at 20, 30, 40, and 50 days after flower and subjected to measurement. Five bolls per each plot were sampled at each time period for boll weight measurement. Three subtending leaves per each plot were measured for lipid peroxidation, membrane leakage, chlorophyll fluorescence, and chlorophyll content measurement.
Lipid Peroxidation
This method was obtained from Dr. Dehua Chen (Personal Communication, 2010).
Malondialdehyde (MDA, the final product of lipid peroxidation) was measured to test the level of lipid peroxidation. A 0.8 g leaf sample from the sixth uppermost fully-extended leaves was homogenized in 10 mL of 10% trichloroacetic acid (TCA) and centrifuged for 10 min at 4000 g. A 3-mL portion of supernatant was mixed with 3 mL of 10% TCA containing 0.6% 2,4,6-tribromoanisole (TBA). The mixture was incubated in a 100˚C water bath for 15 min. Samples were centrifuged for 10 min at 4000 g after 5-min in an ice bath. The absorbance for the supernatant was determined spectrophotometrically (DU Series 500, Beckman Instruments Inc., CA) at 532 nm, 600 nm, and 450 nm to calculate the MDA content. Lipid peroxidation was expressed as the MDA concentration in µM•g −1 FW.
Membrane Leakage
Membrane leakage was measured to show the level of plasma membrane integrity using the method of Djana-guiraman et al. (2011) [25] with some modification. Five 1-cm-diameter leaf discs from the fifth fully extended uppermost leaf were sampled and incubated in 10-mL of double distilled water (ddH 2 O) in glass tubes at room temperature. After 48 h of incubation, initial electrical conductivity (IEC) was taken using a calibrated conductivity meter (Oaklon CON11, EUTECH instrument, IL). Leaf discs were then autoclaved at 120˚C for 15 min. After the solution cooled to room temperature final electrical conductivity (FEC) was measured, and the membrane damage was calculated from the equation:
( )
Membrane damage IEC FEC 100 = × .
Chlorophyll Fluorescence
Chlorophyll fluorescence was obtained in light adapted leaves at the fourth position from the uppermost fullyexpanded leaves with a fluorometer (PAM-2100, Walz, Germany). The value of Yield (ΦPS II ), used to reflect photosystem II effective quantum efficiency, was the ratio of number of photons absorbed to number of photons emitted by fluorescence. Stressed plants usually exhibit lower ΦPS II values because the number of photons absorbed tends to be lower under stressed conditions.
Chlorophyll Content
Chlorophyll content was measured by the ethanol extraction method according to Djanaguiraman et al. (2011) [25] . Six 1-cm-diameter leaf discs from the fifth uppermost fully-extended leaves were incubated in 10 mL of 100% ethanol for 24 h in the dark. Absorbance of the extract was recorded at 645 nm and 663 nm with a spectrophotometer (DU Series 500, Beckman Instruments Inc., CA).
Box Mapping and Harvest Data
Immediately before machine harvest, 5 randomly chosen plants from the two center rows per designated plot were sampled to conduct box mapping according to da Costa et al. (2011) [26] . Box mapping was used to determine number of vegetative, reproductive, and main-stem nodes, boll weight, plant height, and boll number by individual position and node to determine yield distribution within the canopy. Internode length was measured as the fraction of plant height to main-stem node number. Abscised fruit was measured by recording scars left on the sympodial branches. Fruit retention at 1st, 2nd and 3rd positions on sympodial branches and on different reproductive nodes were determined. Two weeks after harvest aid application, two center rows were harvested with a two-row spindle picker.
Data Analysis
The statistical significance between means were analyzed by analysis of variance (ANOVA) and multiple mean comparisons were determined by LSD (α = 0.05) in SAS 9.3 (SAS Institute, NC). Homogeneity of variance across years was tested for each variable. Data presented hereafter are pooled for each experiment, from the repeated series.
Results
The results were averaged across the years because no year and treatment interactions were detected. Lint yield was not impacted by 1-MCP. Lint yield from the 1-MCP treatment was almost identical to that of the untreated control: the lint yield of untreated control treatment was 1146 kg per hectare and the lint yield of 1-MCP treatment was 1133 kg/hectare (Figure 2) . To further understand the effect of 1-MCP on yield components and yield distribution, box mapping before harvest was measured. According to box mapping data, no significant differences were caused by 1-MCP on boll retention rate for either year of our study. But a numerical decrease of boll retention rate in 1-MCP treated plants was detected both years, since 1-MCP decreased boll retention rate by 3% and 6% compared to the untreated control in the year 2011 and 2012, respectively ( Table 1) . 1-MCP treatment increased boll weight numerically in both years of our study according to box mapping data ( Table 1) . These boll weight results were consistent with the boll weight study in which boll weight was recorded from flowers at 20, 30, 40 and 50 DAF to study the development process. 1-MCP treated plants showed a higher boll dry weight compared to untreated ones at 20 DAF. However, there was no significant 1-MCP effect on boll weight at 30, 40, and 50 DAF. The numerical but not significant increase of boll weight at 50 DAF was consistant with the box mapping data that the final boll weight was not significantly impacted by 1-MCP application (Figure 3) . In order to test whether 1-MCP could delay senescence in cotton plants, the physiological and biochemical traits of premature leaf senescence were determined in the subtending leaves. Application of 1-MCP decreased membrane leakage at 30 days after flower (DAF) in the subtending leaves, indicating a better cell membrane integrity. However, this beneficial effect of 1-MCP treatment was minimized in the growing season, no significant 1-MCP effect on membrane integrity was detected on 40 or 50 DAF (Figure 4(a) ). Similar trends were observed for the measurement of MDA content, chlorophyll fluorescence, and chlorophyll content of the subtending leaves. 1-MCP treatment resulted in a lowered MDA content at 20 and 30 DAF (Figure 4(b) ), an increased chlorophyll fluorescence at 20 DAF (Figure 4(c)) , and an improved chlorophyll content at 30 DAF (Figure 4(d) ), which reflects better cell membrane integrity, less oxidative damage, higher photosynthetic efficiency and less pigment loss. Again 1-MCP application failed to cause a significant effect on 40 or 50 DAF on those traits although it works at the early flower stage.
Discussion
1-MCP treatment made no difference in lint yield compared to the untreated control in our present study. This result agrees with our ethephon and 1-MCP study data which showed that 1-MCP treatment had lint yield similar to the untreated control (unpublished data). Diverging reports exist on the effect of 1-MCP on cotton yield. 1-MCP treated cotton did not show a significant increase in cotton yield in comparison with the untreated control in Arkansas in either 2006, 2007, or 2008 [18] - [20] . But the combined data of 2006 and 2007 in Arkansas showed that 1-MCP increased the yield of field-grown cotton under high temperature stress, and this increase of yield was due to higher boll weight [17] . and 2008 in Texas [26] . Application of 1-MCP increased cotton height, boll number on some nodes, and uppermost first position harvestable boll under water stressed conditions in Arizona. However, the potential was not realized in increased cotton yield [21] . Thus, research conducted in Arizona and most research conducted in Texas failed to detect the yield difference caused by 1-MCP. The difference was only observed in the combined data of two years in Arkansas but not in individual years. The different effects of 1-MCP on cotton yield in different locations and different years were probably due to different weather conditions. Long durations of high temperature often occurs during the boll development stage in Texas, which suggests that 1-MCP can work under a moderate stress levels, but not under high stress levels. In the present study, numerical differences were detected in both years with 1-MCP treated plants exhibiting lower retention rate. da Costa et al. (2011) [26] found that 1-MCP application resulted in 22% higher fruit shed at 22 days after treatment. They also mentioned that 1-MCP temporarily increased ethylene emissions compared to the untreated control at 1 day after treatment (unpublished data 2008 and 2009). Research in pears (Pyrus communis L. cv. Conference) also reported a burst of ethylene following 1-MCP treatment [28] . Ethylene promotes the abscission layer formation in the peduncle in cotton plants and thus leads to fruit abortion, and ethylene production plays a primary role in early season square and boll abortion [3] - [6] . Thus, this increase of abscission by 1-MCP treatment was probably due to the burst of ethylene noted at the very beginning following treatment with 1-MCP. In contrast, many studies showed a potential for 1-MCP to increase fruit retention in cotton, soybean (Glycine max L. Merr.), and wheat (Triticum aestivum L.). The results of the soybean study showed that 1-MCP treatment increased pod set percentage and decreased flower abscission, and that these beneficial effects of 1-MCP were greater under high temperature in contrast to optimum temperature [25] . 1-MCP application decreased heat stress induced kernel abortion in wheat [29] . 1-MCP increased boll retention in one of two years in Texas [27] . [17] reported that 1-MCP had no significant effect on boll abscission in field grown cotton. The diverging effect of 1-MCP on fruit retention could be contributed to different plants, different 1-MCP formulations and varying growth conditions.
According to box mapping data, 1-MCP treatment increased boll weight numerically in both years of our study. In consistant to this results, 1-MCP treated plants showed a higher boll dry weight compared to untreated ones at 20 DAF, but not at 30, 40, and 50 DAF. Application of 1-MCP decreased membrane leakage at 30 days after flower (DAF), lowered MDA content at 20 and 30 DAF, increased chlorophyll fluorescence at 20 DAF, and improved chlorophyll content at 30 DAF in the subtending leaves. Thus, at 20 and 30 DAF, the beneficial effects of 1-MCP on antioxidant potential and photosynthetic efficacy were observed. The cotton bolls primarily get carbohydrates produced by the subtending leaves. Thus, combined with a consistent period of beneficial effects of 1-MCP treatment on boll weight and subtending leaves, the increased boll weight may be partially contributed by the greater photosynthetic efficacy and extended photosynthetically active period in subtending leaves under 1-MCP treatment. These results suggest 1-MCP-treated plants exhibited delayed leaf senescence, which resulted in an extended active photosynthetic period and increased production of carbon assimilates for developing bolls, and thus increased potential for cotton productivity. Another possible explanation for higher boll weight was the compensation due to fruit abortion. Cotton plants may compensate for the loss of squares by providing more carbon allocation toward boll set and increasing boll weight [30] , and taller plants [7] . Therefore, the increased boll weight may be related to the compensation caused by fruit loss.
However, the 1-MCP treatment did not make a significant difference in boll weight at final harvest. This may be due to the long growing season of cotton compared to the relatively short duration effect of 1-MCP. 1-MCP decreased ethylene production for up to 4 days after treatment in soybean [25] . In comparison to the short duration of 1-MCP effect on ethylene levels, 1-MCP treatment increased antioxidant enzyme activity of catalase (CAT) and superoxide dismutase (SOD) up to 15 days after treatment, and photosynthetic rate up to 11 days after treatment [25] . In a study to test the effect of 1-MCP on water-stressed cotton plants, the water withholding process was conducted with a five-day cycle for three times. By the end of the experiment (14 days after 1-MCP treatment), more active antioxidant enzymes and less membrane leakage were detected in 1-MCP-treated stressed plants [31] . The effect of 1-MCP treatment on fluorescence yield and glutathione reductase levels can last up to three weeks after treatment in a cotton field study under heat stress [17] . In our present study, 1-MCP effect on leaf senescence and activity last for up to 2 weeks. Thus, the beneficial effects of 1-MCP were minimized by the environmental stress that happened later in the growing season. Therefore, the numerical increase of boll weight combined with the numerical decrease in boll retention in 1-MCP treated plants resulted in similar final lint yields.
Conclusion
1-MCP treatment increased cotton boll weight at 20 days after flowering. This increase was likely associated with healthier subtending leaves as reflected by decreased membrane damage at 30 and 40 DAF, and lower lipid peroxidation at 20 and 30 DAF, higher chlorophyll content at 30 DAF, and greater photosynthetic efficiency at 20 DAF. The healthier state of subtending leaves indicated a longer photosynthetic productive period and thus a potential for more assimilates being produced for bolls. However, the beneficial effect of 1-MCP was not enough to affect final lint yield and the potential of yield increase was not realized due to the relatively short duration effect of 1-MCP compared to the long growing season. Multiple applications or modification of the formulation to extend effective duration of the compound is desirable to enhance the activity of 1-MCP to make a significant difference in cotton yield.
